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1. Introduction 
In recent decades there has been an increasing interest in adoption of energy and 
environmental policies that stimulate energy consumption reduction. The main goals of these 
policies are to reduce dependence on fossil fuels and mitigate the emissions of pollutants and 
Greenhouse Gas (GHG) emissions. This has in particular been the case for energy-intensive 
sectors such as transportation. In 2010, freight transport accounted for about 43% of global 
energy use in transport, which in turn represented 12% of total energy consumption and 10% 
of energy-related CO2 emissions (IPCC, 2014). Moreover, the amount of fuel used by the 
trucking industry is expected to rise in the US and the EU (Léonardi and Baumgartner, 2004; 
IEA, 2010; De Borger and Mulalic, 2012), in which trucks and vans emit 67% of the GHG 
emissions associated with transport (McKinnon, 2015). 
A major means to tackle these issues has been to promote energy efficiency. Different 
countries have adopted different targets and policies to achieve energy and environmental 
objectives. In the European Union, where transport accounts for 25% of the energy-related 
GHG emissions (Walnum et al. 2014), the European Commission has passed specific 
directives for the sector. Since the introduction of the Council Directive 88/77/EEC in 1988 
and followed by other legislation, the implementation of ‘Euro’ Standards and the 2001 
White Paper on transport, the energy consumption reduction objective have been partially 
achieved. The objectives have been to reduce GHG emissions by 80-95% below the 1990 
levels by 2050. The Commission recognises that the specific targets for the transport sector 
need to be adjusted downwards to 60% due to the complexity of this sector (European 
Commission, 2011; Walnum et al. 2014). The development and deployment of new and more 
efficient technologies is one of the main strategies to achieve these objectives. 
Broadly, energy efficiency improvement can be viewed as a reduction in energy use 
while the level of demand for energy services is maintained and the comfort and quality of 
life are not reduced.1 When energy savings are estimated based on potential energy efficiency 
enhancements, it is normally assumed that the demand for energy services remains the same. 
However, as these improvements also imply a reduction in the marginal cost of providing a 
given level of service, they may also lead to some increase in demand for energy services. 
This increase in energy consumption can, partially or totally, offset the initial expected 
                                                          
1 Sustainability and environmental issues can also be incorporated into this broad definition. 
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savings. This phenomenon, or the so-called rebound effect, is normally overlooked in energy 
demand forecasts and design of energy and environmental policies.2 If the magnitude of this 
effect is non-negligible, policies to reduce energy consumption through promotion of energy 
efficiency may not be fully effective. 
Some researchers consider rebound effect as a natural adjustment to changing 
economic factors. Borenstein (2015) states that rebound effect can be considered as a 
reoptimisation process in response to variations of price and income. This means that rebound 
effect can be treated as welfare improvement in standard economic analysis. It should be 
noted that in order to assess the net effect of rebound effect on the overall welfare, the 
external costs generated by this phenomenon should also be incorporated in the analysis. 
There is a large and diverse literature on rebound effect that analyse a broad range of 
countries, economic sectors using alternative definitions and measures. In the case of the 
transport sector, most estimates of rebound effects are in the range of 10 to 30% (see, e.g., 
Sorrell, 2007; Hymel et al., 2010), though large estimates have also been obtained both in the 
short and the long run. 
Rebound effect is also relevant in road freight transport. Maxwell et al. (2011) state 
that fuel efficiency improvements reduce the costs of freight transport which in turn make 
transportation cost efficient for more goods, for longer distances and with more frequency. 
This implies that fuel consumption could be reduced less than expected as a result of energy 
efficiency improvement. However, due to the lack of empirical studies and limited 
understanding of rebound effect in this sector, further research is needed (Winebrake et al., 
2012). Measuring rebound effect in road freight is also relevant from a policy perspective to 
assess the effect of energy efficiency improvements and national and international energy and 
climate change policies (Geller et al., 2006; Barker et al., 2007). 
This paper aims to partially contribute to fill this gap in the literature by carrying out 
an empirical analysis of energy efficiency and rebound effect in the road freight transport of 
15 European countries for the period 1992-2012. We use a recent econometric approach 
based on the estimation of Stochastic Frontier Analysis (SFA) models to estimate energy 
demand frontier functions. Through explicit modelling of energy efficiency, this approach 
                                                          
2 There are, however, some exceptions in where rebound effects are considered by policy-makers. One example 
is in the evaluation of the voluntary agreement package by the British Department of Transport (DfT, 2005). 
The existence of rebound effect (labelled as “comfort taking”) is recognised and calculated in this evaluation 
and incorporated in their macroeconomic models. Nevertheless, rebound effect has not been generally 
considered as a “self-consistent political issue” (Gloger, 2011) in many countries. 
4 
allows us to obtain separate energy efficiency and rebound effect for each year of the study 
period and the countries analysed. Moreover, this method allows us to examine the 
determinants of rebound effect in the sector. The main contributions of the paper are in the 
application of the new methodology and the novelty of the sector analysed. 
The paper is organised as follows. Section 2 provides a brief review of the literature 
on the demand for energy in road freight transport and the rebound effect. Section 3 describes 
the methodology and the specification of the energy demand function to be estimated. Section 
4 presents the data used in the empirical analysis, reports the parameter estimates and 
presents the results obtained from those estimates. Section 5 is conclusions. 
 
2. Energy demand and rebound effect in road freight 
The demand for road fuel is a derived demand for energy services in road transport. In 
essence this implies that there is a demand for transporting goods and people that is to be 
satisfied through a combination of capital, labour and fuel. There is an extensive body of 
literature on the economics of transport in which the demand for fuel is modelled through a 
range of approaches such as econometric techniques, artificial intelligence approximations, 
multi-criteria analysis or simulation methods (see, e.g., Limanond et al., 2011; or Suganthi 
and Samuel, 2012). 
Within the econometric approaches, Llorca et al. (2014) propose modelling the 
demand for fuel in the transport sector in Latin American countries through the estimation of 
several SFA models. This approach was proposed by Filippini and Hunt (2011) to estimate 
aggregate energy frontier demands and allows obtaining measures of the energy efficiency of 
specific sectors or for the whole economy.3 In this framework fuel is considered a production 
factor that is used in combination with other inputs to produce energy services. According to 
Filippini and Orea (2014) aggregate energy demand frontier functions can be understood as 
reduced-forms of underlying structural models that are based on utility optimising problems. 
This approach has been recently extended by Orea et al. (2015) to obtain not only indicators 
of the level of efficiency in the use of energy but also to measure the rebound effect linked to 
improvements in energy efficiency. 
                                                          
3 The use of this type of approach has become common in recent years (see, Evans et al., 2013; Filippini and 
Hunt, 2011, 2012, 2015a, 2015b; Filippini and Zhang, 2016; Filippini et al., 2014; Lundgren et al., 2016; and 
Orea et al., 2015). 
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Rebound effect is a phenomenon that is related to energy efficiency and has attracted 
increasing attention during recent decades. Since Jevons (1865) suggested the concept of 
rebound effect, it has been analysed in diverse countries and sectors of the economy through 
the application of different empirical approaches. There are different classifications of 
rebound effect that can be analysed from the perspective of both consumers and producers. 
Although the theoretical arguments and the existence of the rebound effect are widely 
accepted, it is subject to extensive debate due to different conceptual perspectives. Empirical 
research offers a range of definitions, methodologies and consequently different estimates of 
the rebound effect. 
The literature frequently distinguishes at least three types of rebound effects (see, e.g., 
Greening et al., 2000; Sorrell and Dimitropoulos, 2008) namely, direct, indirect and 
economy-wide rebound effects. The direct rebound effect suggests that an improvement in 
energy efficiency for a particular energy service decreases the effective price of that service 
and provides incentives to increase the demand for that service. This reaction then offsets the 
expected energy savings that could be attributed to energy efficiency improvement. The 
indirect rebound effect arises from the abovementioned energy savings when they are 
reverted into demand for other goods and services that require energy for their provision. The 
economy-wide rebound effect relates to the reduction in the price of intermediate and final 
goods in the economy due to the decrease of real price of energy services. This results in an 
adjustment of the prices and quantities of goods and services consumed in the economy. 
These adjustments create a bias towards the consumption of the goods in those more energy 
intensive sectors, which may then yield an increase in energy consumption. 
The rebound effect is generally measured as potential energy savings that are not 
finally achieved and normally takes values between 0 (zero rebound effect) and 100% (full 
rebound effect). However, rebound effect can also take values larger than 100%, labelled as 
backfire in the literature (Saunders, 1992) which means that improvements in energy 
efficiency can lead to increase energy consumption. The opposite case, which can seem 
counterintuitive, is labelled as super-conservation (Saunders, 2008) and represents a 
reduction in energy consumption that exceeds the expected savings. 
Recent research has focused on the analytical definitions of the rebound effect in 
terms of different elasticities (see, e.g., the survey by the International Risk Governance 
Council, IRGC, 2013). The results for rebound effect in the transport sector range between 4 
and 87% in the short run and between 5 and 66% in the long run. However, most of the 
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results for this sector are between 10 and 30% (see, e.g., Sorrell, 2007; Hymel et al., 2010). 
This wide range of results is a consequence of the differences in the definitions of the 
rebound effect, the type of approaches applied, the countries analysed and the level of 
aggregation in the data used. 
The original definition of the rebound effect from Khazzoom (1980) was in relation to 
efficiency elasticities of demand for energy services. However, this type of elasticities is not 
often estimated. Instead, price elasticities of demand for energy have frequently been 
econometrically estimated and used as proxies of the rebound effect.4 The vast majority of 
studies assume that the response to changes in fuel price is equal to the response in changes 
of fuel efficiency. Hanly et al. (2002) showed that for the case of transport, this approach is 
likely to overestimate the rebound effect due to the endogeneity between energy prices and 
efficiency choice. It should be noted that some researchers view elasticities of energy services 
as not being a good measure of rebound effect and therefore price-induced energy efficiency 
should be taken into account (Saunders, 2000; Jenkins et al., 2011). 
Ignoring rebound effects can lead to overstating the benefits of energy efficiency 
policy measures, which can in turn lead to decisions such as the (over)allocation of public 
funds to ineffective environmental and energy policies. Policy makers may need to take 
rebound effect into account for air quality, energy security, and climate change policy 
reasons. A rebound effect different from zero implies that the expected proportional 
reductions in emissions from fuel efficiency improvements might not be achieved. Therefore, 
the policy goals to reach specific levels of emissions through fuel efficiency enhancements 
might need to be adjusted accordingly in order to compensate this effect. Nonetheless, as it 
has been remarked (Jägerbrand et al., 2014; Wang and Lu, 2014), there is little research on 
rebound effect in road freight in spite of the necessity to assess the usefulness of the policies 
applied to reduce fuel consumption in this sector (Small and Van Dender, 2007). There are 
only few studies that analyse the rebound effect in the road freight sector using different 
methodologies and input data. 
In their survey, Jägerbrand et al. (2014) find that rebound effects on road freight 
transport are estimated to be between 13 and 36.5% in the short run and between 12 and 45% 
in the long run. Ruzzenenti and Basosi (2008) find an increase in the energy efficiency of 
road freight transport in Europe of 40% between the second half of the 1970’s to the first half 
                                                          
4 An alternative method that has been frequently used is general equilibrium modelling. 
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of the 1990’s. The study proposes the use of a theoretical framework taken from 
thermodynamics and evolution in conjunction with a traditional economic approach to 
explain the rebound effect. Their main argument is that the complexity of the system 
counterbalances the positive effect of a high efficiency. 
Anson and Turner (2009) use a Computable General Equilibrium (CGE) model to 
obtain economy-wide measures of oil rebound effect from energy efficiency improvements in 
the Scottish commercial transport industry. They find a rebound effect of 36.4% in the short 
run and 39.2% in the long run for the sector. At economy-wide level they find a rebound 
effect of 36.5% in the short run and 38.3% in the long run. They also find a disinvestment 
effect which implies that in most cases the rebound effect in the long run is constrained by a 
disinvestment that reduces the productive capacity in the energy sectors. These authors 
highlight the work of Gately (1990) in which fuel price elasticity of Heavy Goods Vehicle 
(HGV) transport in the US is estimated through an econometric analysis and finds a price 
elasticity of -0.37 which should be equivalent to a direct rebound effect of 37%. Graham and 
Glaister (2002) conducted an international survey on road traffic and fuel demand observing 
the freight traffic elasticities in different papers. These elasticities frequently lie between -0.4 
and -0.8 that are equivalents to rebound effects between 40 and 80%. 
Matos and Silva (2011) estimate the demand for road freight transport in Portugal 
using a two-stage least squares model. They use aggregate time series data for the period 
1987-2006. The study pays attention to the changes in the energy cost of transport while they 
also correct for the endogeneity of the price variable. They show that a large share of the 
operating costs in road freight industry depends on energy consumption, and an increase in 
fuel efficiency that reduces these costs will result in a significant increase in demand for 
energy services. They estimate the rebound effect to be approximately 24%. 
De Borger and Mulalic (2012) analyse fuel use in the trucking industry of Denmark 
for the period 1980-2007 using aggregate time series data. Through a simultaneous equations 
model they find a rebound effect of 10% in the short run and 17% in the long run. Moreover, 
they find that higher fuel prices increase the average capacity of trucks. This feature also 
leads the firms to invest in new and more efficient trucks. The joint influence of their findings 
make that the effect of an increase in fuel prices on fuel use is not very relevant. The study 
estimates the short run and long run price elasticities to be -0.13 and -0.22 respectively. They 
also find a reduction in the realised energy efficiency of the trucking industry in Denmark. 
The study justifies this reduction as being partially due to rising congestion and ‘Just-in-
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Time’ behaviour of the firms, which also is a consequence of the reduction in the utilisation 
of vehicle capacity. 
Winebrake et al. (2012) discuss the terminology and theory of rebound effect. They 
conduct a survey of empirical papers that include information on the rebound effect of Heavy 
Duty Vehicles (HDV). The survey finds that no study has analysed the changes in demand for 
energy or energy services with respect to changes in energy efficiency. They provide some 
rebound effects based on the estimations of the elasticity energy price services providing 
differences between the short- and long-run adjustments. These authors highlight the studies 
by the US National Highway Traffic Safety Administration (EPA, NHTSA, 2011a, 2011b) in 
the elaboration of the rulemaking to establish GHG emissions and fuel efficiency standards 
for medium and HDVs. They obtain rebound effects between 13 and 22% in the short run and 
between 12 and 45% for the long run. 
Wang and Lu (2014) use a double logarithmic regression equation and an error 
correction model to analyse the direct rebound effect in the short run and long run of different 
regions of China from 1999 to 2011. They find a partial rebound effect in the long run 
between 52 to 84%. This implies that a large share of the expected energy reduction could not 
be achieved and the policies indented to improve energy efficiency are not effective. 
Nevertheless, they find evidence of a slight super conservation effect in the short run. 
Borenstein (2015) argues that there are three lines of research in the energy efficiency 
literature. The first focuses on measuring the direct energy savings derived from specific 
investments, the second analyses the rebound effect and the third attempts to estimate the 
welfare impacts from the quantitative findings in the other two strands. The present paper is 
in the second type of analyses. We use the approach recently proposed by Orea et al. (2015) 
and apply this to estimate rebound effect and fuel efficiency in the road freight transport for 
the European countries and years analysed. The results are of direct policy relevance given 
that fuel efficiency standards are among the main policy regulations to reduce environmental 
effects in the commercial transport sector and especially for heavy duty trucks (Maxwell et 
al. 2011). In order to assess the consequences of fuel economy regulation, information about 
the rebound effect should be based on analysing data series of different countries. If 
efficiency standards fail as pollution control tools, fuel taxes should maintain a prominent 
role in climate policies in addition to other measures (Frondel et al., 2012). 
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3. Methodology 
Several empirical approaches, mostly based on estimates of energy price elasticities, 
have been applied to measure rebound effect in the literature. These studies rely on the 
assumptions that consumers response to an increase (decrease) in energy efficiency and a 
decrease (increase) in energy price has the same magnitude of effect. However, this implicit 
estimation of rebound effect can be flawed in many cases. Sorrell and Dimitropoulos (2008) 
indicate that this approach to measure the rebound effect may produce biased estimates if 
energy efﬁciency is not adequately controlled. Moreover, it should be noted that, in general, 
what is estimated is a unique elasticity that represents the rebound effect on the average of the 
sample. Hence, varying rebound effects across individuals and over time are generally not 
considered in these models. 
In this paper, we adopt the method proposed by Orea et al. (2015) that is based on the 
application of an SFA technique to obtain a direct measure of the rebound effect through 
estimating energy demand functions. In this approach energy efficiency is explicitly modelled 
and the rebound effect is an adjustment factor that augments or diminishes the influence of 
variations in efficiency over energy consumption. Therefore it allows distinguishing between 
the consequences of changes in energy price and energy efficiency. One of the main 
advantages of this method is that energy efficiency and rebound effect are identified at 
observation level which means that both measures can be estimated per country and year. 
Thus, this permits to analyse the evolution of these magnitudes over time for each country. 
Moreover, Orea et al. (2015) find that the estimated efficiencies and rebound effects are 
robust across alternative specifications of the technical progress in the frontier. Although it 
was an empirical evidence, this might be a relevant property of the approach if it is found that 
this circumstance is maintained for other applications. 
That approach aims to estimate a stochastic energy demand frontier similar to the one 
proposed by Filippini and Hunt (2011). The original model can be presented in logarithmic 
form as: 
ln 𝑄 = ln 𝑓 (𝑌, 𝑃, 𝑋, 𝛽) + 𝑣 + 𝑢    (1) 
where Q is the aggregate fuel consumption in road freight transport, Y is the GDP, P is the 
price of fuel in the sector, X is a set of control variables, β are the parameters in the frontier to 
be estimated, v is a noise term that follows a normal distribution and u is the level of 
underlying inefficiency and can vary across countries and over time. Following the 
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conventional SFA literature that started with the seminal paper of Aigner et al. (1977) (ALS 
henceforth), it is often assumed that this term follows a positive half-normal distribution, i.e. 
𝑢~𝑁+(0, 𝜎𝑢
2). 
Unlike other approaches where energy efficiency is frequently defined as the energy 
required per unit of output of useful work, in this approach, based on the conditional mean of 
the inefficiency term proposed by Jondrow et al. (1982), the level of energy efficiency can be 
expressed as: 
   𝐸𝑖𝑡 =
𝑄𝑖𝑡
∗
𝑄𝑖𝑡
⁄ =  exp(−?̂?𝑖𝑡)    (2) 
where 𝑄𝑖𝑡
∗  represents the aggregate fuel demand in country i in period t on the frontier, i.e., 
the minimum level of fuel necessary for this economy to produce its output level in the 
sector, 𝑄𝑖𝑡 is the actual aggregate fuel consumption observed in this country, and 𝐸𝑖𝑡 is thus a 
measure of efficiency bounded between zero and one. The difference between 1 and this 
measure of inefficiency shows the amount of energy consumption that could be reduced in 
this country (expressed as a decimal fraction) while maintaining the same level of transport 
services. 
The model proposed by Orea et al. (2015) is an extension of the model in Equation 
(1). They note that this model implicitly imposes a rebound effect which is equal to zero. 
Following Saunders (2000) the rebound effect can be expressed as 𝑅 = 1 + 𝜀𝐸, where 𝜀𝐸 
represents the elasticity of energy demand with respect to the changes in energy efficiency, 
i.e. 𝜀𝐸 = 𝜕 ln 𝑄 𝜕 ln 𝐸⁄ . From Equation (2) we can infer that ln 𝐸 = −𝑢 and hence the 
implicit energy efficiency elasticity in Equation (1) is -1, which in effect is synonymous to 
assuming that the rebound effect is zero. It is evident from Equation (1) that an increase in 
energy efficiency (i.e. a decrease in u) will be fully translated into a reduction in fuel 
consumption, Q. 
In order to account for the likely effect of a rebound effect, Orea et al. (2015) propose 
an energy demand frontier model based on the following specification: 
ln 𝑄 = ln 𝑓 (𝑌, 𝑃, 𝑋, 𝛽) + 𝑣 + [1 − 𝑅(𝛾′𝑍)]𝑢   (3) 
where 𝑢 = − ln 𝐸 ≥ 0 and represents the level of ‘underlying energy inefficiency’. In this 
model the final effect of changes in efficiency over fuel consumption does not imply 
proportional reductions in fuel consumption as these variations are adjusted by R, labelled as 
the rebound-effect function. This function is not observed by the researcher, but it is linked to 
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the demand for energy services and is approximated with a set of determinants, Z, such as 
income and price of energy services. γ is the set of parameters to be estimated within the 
rebound-effect function. 
There are two noteworthy aspects in this model. First, if the rebound-effect function 
does not depend on any covariate, the model collapses to the basic stochastic frontier demand 
model presented in Equation (1) and suggested by Filippini and Hunt (2011) that imposes 
zero rebound effects. If the rebound effect varies across observations, this model would allow 
us to obtain both time- and country-specific rebound effects that can then be used for further 
analyses. 
Second, the choice of a particular functional form of the rebound-effect functions is 
constrained in this setting both by methodological and practical issues.5 Orea et al. (2015) 
suggest two simple functional forms for the rebound-effect function that are based on the 
exponential function. Moreover, they propose a strategy to solve the identification problem 
that arises in this approach to estimate the intercept of the rebound-effect function. In this 
paper we use their proposed specification to obtain a measure of the partial rebound effect 
(i.e. 0<R<1) and the strategy based on the estimation of the ALS model to adjust the 
estimated intercept in the rebound-effect function.6 
If we consider a translog specification for the frontier demand for fuel, the final model 
to be estimated can be expressed as: 
ln 𝑄𝑖𝑡 = 𝛼𝑖 + 𝛿𝑡 + ∑ 𝛽𝑝 ln 𝑋𝑝𝑖𝑡
𝑃
𝑝=1
+
1
2
∑ ∑ 𝛽𝑝𝑟 ln 𝑋𝑝𝑖𝑡 ln 𝑋𝑟𝑖𝑡
𝑃
𝑟=1
𝑃
𝑝=1
+ 
𝑣𝑖𝑡 + (1 −
𝑒𝛾0+∑ 𝛾𝑠 ln 𝑍𝑠𝑖𝑡
𝑆
𝑠=1
1+𝑒𝛾0+∑ 𝛾𝑠 ln 𝑍𝑠𝑖𝑡
𝑆
𝑠=1
) 𝑢𝑖𝑡     (4) 
where X stands now for all the variables in the frontier demand for fuel, αi represents country-
specific intercepts, δt is a set of time dummy variables and other variables and parameters are 
defined as above. 
 
 
                                                          
5 The second error term in Equation (3), i.e. [1 − 𝑅(𝛾′𝑧)]𝑢, is a one-sided distribution that is positive in order to 
distinguish inefficiency from noise. This circumstance imposes that both the energy efficiency elasticity, i.e. 
(1 − 𝑅), and u are positive and hence, by implication, the rebound effect is always smaller than unity. 
6 For more details about this approach, see Orea et al. (2015). 
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4. Data and results 
We use an unbalanced panel data set with information about the road freight transport 
of 15 European countries for the period 1992-2012.7 The dependent variable in our model is 
the aggregate of fuel consumption from trucks and light vehicles in the road freight transport 
sector that is predominantly formed by diesel (which also includes biodiesel and bioethanol) 
and gasoline.8 This information has been obtained from the data provided by the Odyssee-
Mure Project and Enerdata. 
We obtained information about prices of diesel (for commercial use) and various 
types of gasoline at country level from the reports on “Energy prices and taxes” from the IEA 
(2007, 2014).9 We construct a transitive multilateral price index to aggregate the price of 
diesel and gasoline to be incorporated in our model. Unlike standard price indices such as 
Paasche or Laspeyres, this type of index does not impose a base year for each country and 
allows a consistent comparison across countries over time. The index used here is similar to 
that proposed by Caves et al. (1982) to obtain transitive Törnqvist indices. This procedure is 
based on the method suggested by Elteto and Koves (1964) and Szulc (1964). The idea 
behind the calculation of this index is that the “comparison between two firms (countries) is 
obtained by first comparing each firm (country) with the average firm (country) and then 
comparing the differences in firm (country) levels relative to the average firm (country)” 
(Coelli et al., 2005, p. 117). 
A variable that is also included in the model is country GDP which is measured in 
millions of 2005 US dollars at Purchasing Power Parity (PPP). This variable along with the 
information on the road freight transport were obtained from the statistical information 
provided by the Organisation for Economic Co-operation and Development (OECD). 
Additionally we collected information on the stock of trucks and light vehicles, and rail 
goods traffic from the Odyssee-Mure Project and Enerdata. Another variable included is the 
                                                          
7 The list of European countries includes: Austria, Czech Republic, Denmark, Finland, France, Germany, 
Greece, Hungary, Italy, Netherlands, Poland, Slovenia, Spain, Sweden and United Kingdom. It should be noted 
that this sample of countries accounts for about 90% of the EU-28’s GDP during the sample period. 
8 The vast majority of HGVs run on diesel. However, as in our sample also light duty vehicles have included, we 
have also incorporated the gasoline consumption. Other fuels such as LNG (Liquefied Natural Gas), CNG 
(Compressed Natural Gas) or electricity are not at present widespread as alternatives that need to be considered 
here. 
9 We could not obtain historic data about biofuels prices. We are aware that some countries have applied 
specific measures to favour the use of biofuels (e.g., tax rebates in the case of the UK). As a consequence of this 
shortcoming, we have assumed the same prices both for diesel and biofuels. It should be remarked however, that 
the share of biofuels in our sample is practically negligible, thus we think this issue does not imply a major 
distortion in our results. 
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Logistics Performance Index constructed by the Wold Bank based on six dimensions of trade: 
customs performance, infrastructure quality, ease of shipment, logistics of services, ease of 
tracking and timeliness.10 Table 1 presents the descriptive statistics of the variables used in 
the analysis. 
 
Table 1. Descriptive statistics 
Variable Description Units Mean Std. Dev. Min. Max. 
Q Total fuel consumption Mtoe 6.03 5.57 0.32 18.36 
Qd Diesel consumption Mtoe 5.58 5.30 0.21 17.18 
Qg Gasoline consumption Mtoe 0.45 0.52 0.01 2.08 
Pd Price of diesel USD/litre 0.99 0.40 0.33 2.44 
Pg Price of gasoline USD/litre 1.36 0.46 0.59 3.01 
P Transitive multilateral price index Index 189.43 76.12 66.02 461.77 
GDP Gross Domestic Product Mill. 2005 USD 837,912 806,790 47,787 2,929,940 
Stock_T Stock of trucks Mill. 0.36 0.38 0.02 1.49 
Stock_TLV Stock of trucks and light vehicles Mill. 1.86 1.75 0.07 6.47 
RFT Road freight transport Mill. tonne-km 90,398 88,491 1,849 343,439 
RaGT Rail goods traffic Gigatonne-km 22.44 24.76 0.29 115.65 
LPI Logistics performance index Index 3.69 0.33 3.09 4.09 
       
 
Figure 1 shows fuel use per unit of activity in road freight transport sector, i.e. tonne-
km. This ratio is an energy intensity indicator that is frequently viewed as a proxy for the 
energy efficiency. We can see from this indicator that energy efficiency improvement has 
been a relevant phenomenon in recent decades. In contrast there has been a continuous 
growth in demand for energy services in the sector per unit of GDP. This trend could be the 
result of increasing demand from business and consumers (e.g., e-commerce or Just-in-Time 
manufacturing) that, as stressed by Holguín-Veras and Thorson (2003), has clashed with the 
pressure of communities to reduce the environmental impact of transport activities. Sorrell et 
al. (2009) also suggest that this trend in payload weight can produce continued inefficiencies 
in the used of vehicles that could be caused by the existence of volume constraints bindings 
applied before weight constraints. 
 
                                                          
10 This index evaluates 160 countries and has been calculated using statistical techniques for different years, 
2007, 2010, 2012 and 2014. In this paper we use an average of these four values per country and it has been 
added as a time-invariant variable in the rebound-effect function of the estimated energy demand. 
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Figure 1. Energy intensity and weight of road freight transport to GDP 
 
 
Table 2 shows the parameter estimates of the energy demand frontier models that will 
be used to analyse some selected features of this sector. We present the basic ALS frontier 
model that does not account for the rebound effect (or implicitly imposes a rebound effect 
equal to 0) and the extended model that incorporates the rebound-effect function that adjusts 
for the influence of changes in the energy efficiency on fuel consumption. 
We observe that many of the coefficients of the variables in the frontier along with the 
parameters of the random term are not significant in the ALS model. This might be evidence 
of biased estimates due to the possible presence of heteroscedasticity (see Caudill and Ford, 
1993) that is addressed in the extended model that incorporates the rebound-effect function. 
On the other hand, in the rebound-effect model, all the first-order coefficients of the 
variables in the frontier are significant and show the expected sign. It should be noted that 
these coefficients represent the values of the elasticities of the variables evaluated at the 
sample mean. GDP has a positive sign indicating that higher income countries demand more 
fuel. As expected, the price index shows a negative sign when a demand function is 
estimated. We also incorporated the ratio of price of diesel and our computed price index to 
reflect relative changes in the price of diesel with respect to changes in the price of gasoline. 
The positive sign of the coefficient indicates that an increase in the price of diesel is 
compensated with an increase in the overall consumption of fuel. This makes sense given 
that, for a given demand for energy services, the fuel requirement of gasoline engines is 
larger than that of diesel engines. 
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Table 2. Parameter estimates of the energy demand frontier function 
(These models include time and country dummy variables) 
   
ALS model 
 
Rebound-effect model 
  Parameters Est. 
 
Est./s.e. 
 
Est. 
 
Est./s.e. 
Frontier 
        
 
Intercept 0.326 
 
0.023 
 
1.269 *** 7.809 
 
ln GDPit -0.101 
 
-0.464 
 
0.466 *** 3.031 
 
ln Pit -0.216 ** -2.019 
 
-0.287 *** -4.225 
 
ln (Pd/P)it 7.309 *** 5.250 
 
3.230 *** 3.884 
 
ln Stock_TLVit 0.114 
 
0.804 
 
0.227 *** 2.660 
 
ln RFTit 0.149 ** 2.566 
 
0.366 *** 7.309 
 
½ (ln GDPit)2 -0.187 
 
-0.395 
 
0.521 
 
1.516 
 
½ (ln Pit)2 0.722 *** 3.282 
 
-0.143 
 
-0.972 
 
½ [ln (Pd/P)it]2 -127.555 
 
-1.537 
 
-60.265 
 
-1.321 
 
½ (ln Stock_TLVit)2 -0.333 
 
-0.924 
 
0.182 
 
0.753 
 
½ (ln RFTit)2 0.325 ** 2.424 
 
0.132 
 
1.409 
 
ln GDPit · ln Pit 0.390 *** 3.470 
 
0.230 *** 2.890 
 
ln GDPit · ln (Pd/P)it 3.780 
 
1.250 
 
-3.418 
 
-1.571 
 
ln GDPit · ln Stock_TLVit 0.072 
 
0.209 
 
-0.435 * -1.916 
 
ln GDPit · ln RFTit -0.654 *** -3.558 
 
-0.352 ** -2.321 
 
ln Pit · ln (Pd/P)it 6.962 ** 2.440 
 
3.635 ** 2.095 
 
ln Pit · ln Stock_TLVit -0.044 
 
-0.505 
 
-0.164 *** -2.884 
 
ln Pit · ln RFTit -0.287 *** -3.493 
 
-0.010 
 
-0.140 
 
ln (Pd/P)it · ln Stock_TLVit -6.767 *** -3.207 
 
1.257 
 
0.775 
 
ln (Pd/P)it · ln RFTit 4.619 ** 2.445 
 
2.239 
 
1.379 
 
ln Stock_TLVit · ln RFTit 0.393 
 
2.574 
 
0.248 
 
2.351 
Noise term 
       
 
ln (σv) -2.674 
 
-0.842 
 
-4.035 *** -30.361 
Rebound-effect 
       
 
Intercept 
    
3.338 *** 8.422 
 
ln (GDP/RFT)i1 
    
4.350 *** 5.701 
 
ln (GDP/RFT)inc, it 
    
-1.726 
 
-1.408 
 
ln (GDP/RFT)dec, it 
    
3.014 *** 2.883 
 
ln (P·Q/RFT)it 
    
-3.707 *** -4.698 
 
ln (RFT/RaGT)it 
    
0.399 * 1.910 
 
ln (Stock_T/Stock_TLV)it 
    
1.661 *** 2.825 
 
ln LPIi 
    
5.752 ** 2.414 
 
t 
    
0.282 *** 4.419 
 
½ t2 
    
0.023 ** 2.421 
Inefficiency term 
       
 
ln (σu) -6.055 
 
-0.001 
                  
Log-likelihood 352.464   456.676 
Significance code: * p<0.1, ** p<0.05, *** p<0.01 
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The stock of trucks and light vehicles was added because, given the freight flows and 
the total distance travelled, a greater fuel consumption is expected as the vehicle fleet 
becomes larger. The same effect is expected with the magnitude of the road freight transport. 
Thus as demand for energy services in the sector increases, the demand for fuel also 
augments. Additionally, time dummies have been included in both models (not shown in the 
paper) and these show positive sign and a slightly increasing magnitude that reflects the 
growth in demand for fuel over time in this sector. Finally, country-specific dummies (i.e. 
fixed effects) were added to control for unobserved heterogeneity. 
Regarding the rebound-effect function, we have included the GDP per unit of energy 
service, price of energy services,11 the ratio of road freight transport to railway freight 
transport, the share of trucks with respect to total number of trucks and light vehicles in the 
sector, the Logistics Performance Index and a time trend and its squared term. The ratio of 
GDP to road freight transport is introduced by decomposing the original variable in three 
variables: (i) the value of the logarithm of the variable in the starting year, (ii) cumulative 
increases in the logarithm of the variable and (iii) cumulative decreases in the logarithm of 
the variable. This strategy allows us to examine the asymmetric effects of changes in the 
variable.12 The coefficients of almost all the variables in the rebound-effect function are 
statistically significant. We find a positive coefficient for GDP per unit of energy service that 
seems to contradict the negative relationship between rebound effect and income as suggested 
by some authors (Greene, 1992).13 Nevertheless, this circumstance is only observed when the 
initial levels of each country are compared and also when the variable decreases, which 
indicates the presence of an asymmetric effect in the rebound effect with respect to changes 
in GDP per unit of energy service. On the other hand, the coefficient of the price of energy 
services suggests a negative relationship between the rebound effect and this variable. 
Despite the unexpected results of these variables, as remarked by Orea et al. (2015), our 
rebound-effect function is linked to demand for energy services and hence a positive 
elasticity for income and a negative elasticity for price could be obtained. 
                                                          
11 From the standard definitions in the rebound effect literature (see, e.g., Chan and Gillingham, 2015) the 
implicit price of energy services can be expressed as 𝑃𝑆 = 𝑃 · 𝑄 𝑅𝐹𝑇⁄ . 
12 This has been done in a similar fashion to previous papers in which aggregate energy and oil demand is 
analysed allowing for asymmetric responses respect to changes in price or income (see, e.g., Mork, 1989; Gately 
and Huntington, 2002; or Adeyemi and Hunt, 2007). In our analysis, despite the interest in analysing the 
asymmetric effect of price changes, it was not possible to include this discussion in the model due to scarcity of 
years with decreasing prices in our sample. 
13 Note however that in our paper we include GDP/RFT instead of GDP. 
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The positive coefficient for the ratio of road to railway freight transport can indicate 
that transport of goods by rail can be an alternative for some countries. Large values of rail 
goods traffic (i.e. lower values of the ratio) would have the consequence that higher fuel 
efficiency in road transport would generate a lower rebound effect. Although transportation 
of freight by rail can be viewed as an ‘unattractive mode’ (European Commission, 2011), the 
EU is promoting a shift to intermodal transport to achieve a sustainable freight transport 
(Tsamboulas et al., 2007). It should be noted that improvements in fuel efficiency could also 
lead to modal substitution towards more polluting transport means (Walnum et al., 2014). 
The expected savings could not be achieved if the rebound effect generates a higher modal 
share for road transport, for example through adoption of megatrucks (CER, 2014). As 
discussed by Winebrake et al. (2012), the effect of fuel economy improvements on 
alternative means of transport should be analysed to prevent unexpected modal shifts. In 
some Member States, rail transport already offers a service of quality and our estimates 
indicate that promotion of rail transport might be a suitable strategy to lessen the rebound 
effect in road freight transport. 
The positive coefficient of the share of trucks reflects that the larger the percentage of 
trucks in the economy, the greater the fuel consumption. Therefore the benefit from a better 
fuel efficiency would be greater, which would enhance the rebound effect. The final variable 
included in the rebound-effect function is the Logistics Performance Index. The positive 
coefficient of this variable suggests that the rebound effect will be larger in countries with 
better infrastructure, easier shipment and in general better logistics. It can be argued that 
better logistic conditions generate incentives to increase the demand for energy services in 
those countries. This seems to be in line with the view of Ruzzenenti and Basosi (2008) who 
remark that the complexity of the system counterbalances the positive effect of higher 
efficiency. Finally, we find increasing rebound effect over time (through the time trend and 
its squared term). The literature suggests that rebound effect can increase over time due to its 
contribution to growth and due to the time that takes the economy to adjust to changes in 
energy efficiency. 
Regarding the values of the energy efficiency and the rebound effect, we find an 
average value of energy efficiency of 90.9% and a rebound effect of 17.6%.14 Figure 2 shows 
the evolution of the average value of the energy efficiency and the rebound effect over the 
                                                          
14 These average values are computed taking into account the size of each country. The road freight transport of 
each observation is used as a weighting variable for computation. 
18 
period analysed. In both series we observe a similar trend, a moderate decline of both 
measures during the first years of the sample and a recovery towards the initial values in the 
last years of the sample. This initial decline in fuel efficiency was also suggested by Piecyk 
and McKinnon (2010) in their scenario analysis of the carbon footprint of road freight 
transport. These authors suggest that a decline in fuel efficiency can occur due to the 
increased congestion or strict regulation over emissions. In relation to the rebound effect, as 
stated by Walnum et al. (2014), there are several reasons for this phenomenon in road 
transport, such as a less efficient utilisation and routing of vehicles, lower freight rates or 
induced demand due to lower charges for transport generated by the reduction in the shipping 
costs as a consequence of acquiring more fuel efficient vehicles. 
 
Figure 2. Evolution of average efficiency and rebound effect 
 
 
Table 3 shows the values of both energy efficiency and rebound effect per country. 
We can take as an example of the reasonable magnitude of our results, the value of the 
rebound effect in Sweden, 9.8%. This value appears to be consistent with the findings of De 
Borger and Mulalic (2012), who estimated a rebound effect of 10% in the short run and 17% 
in the long run.15 In general we obtain large rebound effects for more fuel efficient countries 
such as Austria, Germany or Netherlands and low rebound effects for countries with low 
energy efficiency scores such as Italy or Spain. 
                                                          
15 This comparison cannot be performed for the other countries in our sample due to the lack of previous 
empirical papers. 
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As found by Orea et al. (2015) for the case of US residential energy demand, this 
result indicates that as fuel efficiency in road freight transport increases, the sector is less 
sensitive16 to changes in fuel efﬁciency and the reduction in fuel consumption is not as much 
as expected compared with less fuel efficient countries. This finding might indicate that high 
fuel efficiencies are normally linked to low fuel consumptions per energy service. Therefore, 
a decrease in these (already) low marginal costs may generate incentives for providing energy 
services that initially were seen as not profitable, which in turn results in large rebound 
effects. Therefore, low fuel efficient countries could be viewed as priority objectives in 
energy and environmental policies, since improvements in fuel efﬁciency will likely produce 
large reductions in their fuel consumption and emissions. 
 
Table 3. Average efficiencies and rebound effects in each country 
Country Average efficiency Average rebound effect 
Austria 99.50% 39.50% 
Czech Republic 89.22% 0.55% 
Denmark 97.15% 9.59% 
Finland 88.51% 1.90% 
France 96.58% 4.08% 
Germany 99.68% 61.57% 
Greece 93.68% 2.32% 
Hungary 61.54% 1.99% 
Italy 78.97% 1.47% 
Netherlands 99.32% 30.24% 
Poland 88.56% 1.11% 
Slovenia 94.83% 3.01% 
Spain 74.99% 1.00% 
Sweden 97.27% 9.82% 
United Kingdom 96.01% 4.69% 
   
 
Finally, it is worth to recall that rebound effect simply reflects an increase in the 
demand for energy services induced by efficiency improvements. This means that the 
rebound effect is not undesirable per se. A rebound effect can imply an improvement in 
social welfare if the benefits of an increase in the demand for energy services surpass the 
                                                          
16 This refers to the energy efficiency elasticity of the demand for energy. 
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externalities generated (Chan and Gillingham, 2015). Some studies recognise that rebound 
effect can be welfare enhancing if there are not external costs of large magnitude (see Hobbs, 
1991; Borenstein, 2015; Gillingham et al., 2014). 
A crucial issue when analysing the rebound effect is the influence of this phenomenon 
in terms of external costs (e.g., noise, air pollution or congestion). This cost should be 
internalised through charges in the use of infrastructures or vehicles. In that sense, the 
application of the so-called ‘Eurovignette directive’ can be viewed as a first step towards the 
internalisation of the costs generated by HGVs. The internalisation of these external costs 
attributed to rebound effect should be a strategy to avoid the likely negative effect of the 
rebound effect. Although imposing taxes is generally not viewed as a desirable measure due 
to the distortive effects that they can generate, they can also be viewed as a tool that, 
combined with fuel efficiency improvements, can produce a positive effect on reducing the 
external costs from the rebound effect. 
In order to examine the environmental impact of rebound effect in European 
countries, Figure 3 presents the results of a simulation exercise. The figure shows the effect 
of a 0.5% in energy efficiency improvement in the countries of our sample. The columns 
represent the external costs and CO2 emissions from the rebound effect after energy 
efficiency enhancement in each country and should be incorporated to the hypothetical 
forecast of externalities reduction. The information on the CO2 emissions is obtained from the 
database of the Odyssee-Mure Project and Enerdata. The coefficients used to estimate the 
environmental costs were provided by the European Commission through the Marco Polo 
freight transport proposal (call 2011). These coefficients account for the environmental 
impact (air quality, noise and climate change) as well as the socio-economic impacts 
(accidents and congestion) of road freight transport activity in European countries.17 
We observe that, as expected, countries that show a large rebound effect also account 
for large externalities. At the same time, countries such as France and the United Kingdom, 
despite showing a small rebound effect, may contribute to a significant increase in CO2 
emissions and external costs due to the large scale of the road freight sector in these 
countries. In particular, the case of Spain is interesting. Although the country has the second 
smallest rebound effect and shows one of the lowest external cost coefficients, it is among the 
                                                          
17 For more information about their computation see Brons and Christidis (2011). 
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countries that contribute more to global CO2 emissions and external costs due to the large 
size of its road freight transport industry. 
 
Figure 3. Simulation of environmental emissions attributable to  
rebound effect after a 0.5% energy efficiency enhancement 
 
Notes: This simulation is computed based on 2011 values.  
Hungary is not included due to the lack of data for that year. 
 
5. Conclusions 
In the last few decades one of the main objectives of energy and climate policies has 
been the promotion of energy consumption reductions in energy-intensive sectors such as 
road freight transport. The aim of reducing energy consumption without distorting the freight 
traffic flows requires enhancement of fuel economy. However, such improvement implies a 
reduction in the marginal costs of supplying an energy service that in turn may incentivise an 
increase in its demand. This phenomenon, or the so-called rebound effect involves a growth 
in energy consumption that can partially or totally offset the expected energy efficiency 
gains. If the magnitude of this effect is not negligible, policies that aim to reduce energy 
consumption through the promotion of energy efficiency may not be fully effective. Rebound 
effect may also yield unexpected economic or environmental impacts, such as higher GHG 
emissions. In this paper we have shown that while there is a broad theoretical and empirical 
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literature on the rebound effect, this concept has not sufficiently been examined for the case 
of the road freight transport. 
In order to fill this gap in the literature, we perform an empirical analysis of energy 
efficiency and rebound effect in the road freight transport industry of 15 European countries 
for the period 1992-2012. We apply a recent econometric approach based on estimation of 
SFA models to estimate an energy demand frontier function. Through explicit modelling of 
energy efficiency, this approach allows us to obtain estimates of both energy efficiency and 
rebound effect for road freight transport sector in each of the years and countries analysed. 
Moreover, this approach allows us to examine the influence of potential determinants of the 
rebound effect from which informed policy implications can be derived. 
Our results show an average fuel efficiency of 90.9% and a rebound effect of 17.6% 
for the countries in the sample during the period. We find that both measures declined during 
the initial years of the sample and then increased in the last years of the sample. We obtained 
large rebound effects for the countries that are more fuel efficient (e.g., Austria, Germany and 
Netherlands) and low rebound effects for less fuel efficient countries (e.g., Italy or Spain). 
Moreover, for some countries, the rebound effect reaches non-negligible values (up to 61.6%) 
which seem to justify the application of specific policies aimed to reduce rebound effect and 
not only enhancing energy efficiency. We showed that the weight of the road freight transport 
with respect to railway, the share of trucks with respect to the total number of vehicles in the 
sector as well as the quality of logistics in the countries have an incremental effect on the 
rebound effect. 
Finally, we also examined through a simulation exercise that even in countries that 
exhibit low levels of rebound effect, the environmental impact following an efficiency 
improvement can be significant due to the magnitude of the transport activity and the 
marginal cost of the externalities in those countries. The rebound effect looks to be a 
potentially important issue and thus it is worthwhile to consider specific policies such as, for 
instance, cap-and-trade schemes to tackle it. Ideally, those policies should be combined with 
adequate price signals in the sector, i.e. the use of specific taxes, promotion of inter-modality 
and, where feasible, the provision of alternative and environmentally friendly means of 
transport, such as rail. 
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